Nb3Sn exhibits an elastic shear-mode softening associated with a structural transformation from cubic to tetragonal symmetry at a temperature of Tmn/45K. Ultrasonic propagation measurements in single crystals indicate that the shear modulus $ (Cll-C12) softens dramatically as the temperature is decreased towards 45K, but increases rapidly below Tm. We have measured Young's modulus and internal friction of polycrystalline Nb3Sn between 300 and 4.2K. Our results indicate that transforming polycrystals soften monotonically down to 18K with no discontinuity in the slope at Tm. These results are found to be incompatible with polycrystalline averages of single crystal elastic constants, even when the possibility of the presence of a fraction of non-transforming material is taken into account. A tentative explanation of this anomalous softening below Tm is given in terms of stressinduced domain wall motion below Tm.
Introduction -NbjSn and other superconductors of A15 structure undergo a reversible structural phase transformation from cubic to tetragonal symmetry at low temperatures (1, 2 ) .
In V3Si and NbgSn, this transition is accompanied by a dramatic elastic softening at low temperatures. On cooling from room temperature towards Tm, the transition temperature, the shear modulus C' = (Cll-C12) decreases to unmeasurably small values (l).
Below Tm the modulus of Nb3Sn recovers rapidly, reaching values comparable to room temperature value at T = 0. This behavior is common to second order transformations in cases where the order parameter is linearly coupled to strain and has been observed for f erroelectric phase transformations (3) . Although V3Si undergoes a transformation similar to Nb3Sn, no such recovery of modulus was observed below Tm.
In this paper, measurements of Young's modulus are presented for transforming polycrystalline Nb3Sn between 4.2 and 300K and compared with polycrystalline averages of single crystal elastic constants. A remarquable feature of the data is the continuous softening down to the critical temperature, 18K. The absence of modulus recovery is discussed in terms of the possibility of soft ferroelastic behavior associated with stress-induced domain wall motion below Tm.
Experimental -The specimen used for the present study was a composite Nb3Sn/Nb/Nb3S, foil of total thickness ~2 6~ with a central Nb layer of 1w12pm. The foil was prepared by initially sputtering d 2 5 thick layers of Cu -13 wt % Sn on each side of a 25 thick strip of pure Nb, and reacting the assembly in vacuum at 7 5 0~~ for 100h. During this heat treatment the Nb3Sn layers were formed at the bronze /Nb interfaces. The bronze layers were then etched away in nitric acid and the sample cut to 2 x 15 mm2 by electrical discharge machining. Internal friction and Young's modulus measurements were made using a vibraging-reed technique (4) with the sample mechanically clamped at one end in a variable temperature cryostat in a vacuum of d10-6 Torr. The internal friction data, reported elsewhere (5), was determined from the free decay rate and Young's modulus from the square of the frequen cy of resonance of the first overtone. At 300K the resonance frequency was 856 Hz. Above 50K the three curves of figure 1 show similar behavior, with various degrees of softening, the largest softening being obtained for the transforming single crystal and the minimum for the polycrystalline material of this study. Below 50K both the non-transforming single crystal and the polycrystalline material continue to soften whereas the transforming single crystal shows a rapid recovery of modulus.
This recovery is associated with a recovery of the shear moduli C11 -C12 and C33.-G13 in the transformed material. For non-transforming NbgSn, Cll -C12 is belleved to remain soft down to the lowest temperatures. (8) The difference in softening between the three different Nb3Sn samples of figure 1 may simply be due to intrinsic materials differences since softening is sensitive to composition, and order (1, 9, 10) . The data for the non-transforming and transforming single-crystals shown in figure 1 were obtained on the same crystal before and after a high-temperature anneal respectively. This anneal reduced the hydrogen interstitial content. The interstitial content of the polycrystalline material used in this study was not evaluated. Another possible explanation for the smaller degree of softening observed in polycrystalline material compared to the computed averages is the presence of latger intern 1 strains since strain was shown to have a large effect on the modulus of Nb3Sn (5B.
The lack of recovery of modulus below 50K, however, is more difficult to explain since evidence was obtained from low temperature X-ray measurements that between 50 and 100% of the polycrystalline material was transformed at low temperature (I1).
Further evidence of a transformation was obtained from the internal friction behavior (not reported here) which exhibits a large increase below n, 48K, the transformation temperature. This large increase was attributed to stress-induced domain wall motion in the tetragonal phase of Nb3Sn (5).
Various attempts can be made to reconcile the data with the polycrystalline averages. A simple possibility is that only a fraction of the material transforms, leading to a mixture of hardening and softening material below Tm. Such an hypothesis however generally leads to a marked dip in E at Tm unless it is assumed that transforming and non-transforming material soften identically above Tm, an unlikely event. Other assumptions, such as proposed by Kataoka, that Cll = C12 below Tm and that only C33 -C13 recovers were studled, but also lead to an overall recovery of modulus below Tm in disagreement with experimental observations. Two possibilities for the continuous softening below Tm will now be considered. The first is that no recovery of Gll -C12 or C3 -C13 occurs below Tm and that the measurements of C11 -CI2 obtained by ~ehwagd et al. (7) be considered suspect (as expressed by Weger and Goldberg (2)) because of the indirect manner in which these results were obtained. Assuming that Cll = C12 below Tm leads to continuous softening below Tm as observed experimentally, the softening being due to a slight decrease in Ch4. This assumption leads to the modulus behavior shown for the nontransforming crystal in figure 1 since Cll -C12 was taken to be zero for that material below 32K. However, quantitative agreement with experimental data is poor even when only the Hashin average is used instead of (EH + Es)/2, see table 1.
Another possibility is that Nb3Sn behaves as a soft ferroelastic below Tm and that this ferroelastic behavior offsets any hardening associated with recovery of C11 -C12 or C33 -C13. Ferroelasticity results when a material has two or more orientation states in the absence of mechanical stress and can be shifted from one to another of these states by a mechanical stress (12) . In the case of Nb3Sn, these states correspond to domain orientations along the three crystallographic axes. Evidence for shifts in orientation of these states with stress comes from direct observations in V3Si using Berg-Barrett photography,and indirectly from the large ultrasonic 0 100 2 0 0 3 0 0 attenuation observed in the transformed phases of V3Si and Nb3Sn (I). Further confirmation was obtained more recently from internal friction and Young's modulus measurements in polycrystalline Nb3Sn (5).
T E M P E R A T U R E ( K )
The internal friction was found to increase dramatically in the tetragonal phase and to be approximately proportional to the square of the tetragonal deformation, (~/a-112. Young's modulus was also found to increase rapidly with strain. The internal friction behavior is very similar to that observed for magnetostrictive ferromagnetic materials on cooling through the Curie temperature (13) .
The increase of E with stress (or strain) is also strongly reminiscent of the increase in modulus observed in magnetic materials when domains are aligned with a magnetic field (usually referred to as "the A E effect") (13) . The similarity in behavior is believed to be associated with the similarity in stress-induced domain wall motion occurring in Nb3Sn and in magnetostrictive ferromagnetic materials. On simple physical grounds, it is expected that the difference in moduli observed for oriented domains at saturation, Es, and for randonly oriented domains, Eo will increase with magnetostriction and with domain mobility. In 1933, Kersten calculated that where as is the saturated magnetostriction and bi is internal stress (which causes a decrease of mobility).
In annealed Ni and amorphous magnetic alloys which have Is values of order 5.10-5, AEIE, values ranging between 0.4 and 0.9 have been observed (13, 14) . Even larger magnetically induced changes in elastic moduli (AE/Eo~1.6) were reported (15) for rare-earth intermetallic compounds which exhibit anomalously large room temperature magnetostriction ( 3 s > 10-3). Since the tetragonality of
NbjSn reaches values of w 6 x at low temperatures, one may expect an appreciable " A E -effect" in this material, with a temperature dependence approximately following that of the tetragonality, i.e.
This "QE -effect" would cause a rapidly increasing softening on cooling through the tetragonal phase and thus offset the increase in modulus associated with recovery of the shear moduli Cll -C12 and C33 -CI3. Equation (4) is in good qualitative agreement with internal friction measurements in polycrystalline Nb3Sn at 4.5K, as shown in figure 2 , where the data is expressed as a function of strain amplitude. Furthermore, combining equations (3) and (4) one can relate the rise in internal friction with amplitude, A, to a change in modulus : Conclusions -Experimental measurements of Young's modulus for transforming polycrystalline Nb3Sn indicate that on cooling from 300K the modulus decreases continuously from w 1 3 0 GPa to approximately 56 GPa at 18K with a very slight increase below 18K. This behavior is shown to be inconsistent with calculated polycrystaline averages based on elastic constants of transforming single crystals which exhibit a marked recovery of Young's modulus below the transformation temperature (wTm 50K).
A tentative explanation for this descrepancy is given in terms of ferroelastic behavior below Tm which causes a substantial decrease of modulus because of stress-induced domain wall motion as often observed in magnetostrictive ferromagnetic materials.
